The paper presents a simplified analytical method to design a small two-pole slotless brushless dc motor. Using only a few approximations, the motor analytical model is formulated to generate a system of equations. The system can be solved analytically, producing a motor design for given specifications. The method is used to design a motor with the specifications 150 W, 10 000 rpm, and 18 V.
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I. INTRODUCTION
T HE goal of the paper is to apply an analytical model of a small slotless brushless dc (BLDC) motor, in order to design it according to the given specifications. The motor analytical model is obtained by solving and integrating the permanent-magnet (PM) field.
Normally, it is then possible to embed this model in a mathematical optimization software package and to obtain the design. However, these packages in general can be difficult to use: as it is known to each designer, an analytical model is easy to embed, but there always remains a problem how to choose the initial values and constraints for each free parameter. In order to design a motor, the designer should have a vague idea of the possible values of the motor optimal parameters. This paper proposes a simple solution to overcome this problem, as it enables designer to rapidly obtain the motor design analytically. By applying an approximation, the motor model is transformed so that it generates a system of equations to solve. For a desired efficiency , by varying two free parameters, the system is analytically solved. The solution corresponding to a minimal motor mass is assumed as the optimum for given , and the same procedure is performed for other values of . Finally, by choosing a point from the obtained set of nondominant points in the plane , the first motor design for the given specifications is obtained.
At the second stage, it is possible to "fine-tune" the design, by applying an optimization software and taking the obtained parameters as the initial values. The inclusion of a motor thermal model is a must at this stage.
In the literature, there are some interesting examples of a simplified BLDC motor design. In [1] , a design method of applying a parametric analysis is presented. However, the motor mathematical model is not included. The parametric analysis becomes problematic if more than two parameters are to be varied. Reference [2] presents a straightforward design procedure for a slotted motor, but the impression is that the slotted motor model is too approximate: for example, it is not clear how to account for the slotting effect. Recently, many efforts are being made toward coupling optimization algorithms with finite-element method (FEM), but there are not yet reports that it is fully achieved. In [3] , the magnet dimensions are chosen analytically using an approximate modeling function, and then the motor is optimized using FEM. In [4] , an interesting approach is presented: the FEM is applied to determine how a motor output parameter varies in function of three input parameters (response surface method), and finally a genetic algorithm is used for the optimization in terms of these variables. However, it is not clear how to choose other motor variables, for example the stator slots dimensions.
II. MOTOR CONFIGURATION TO DESIGN
We designed a two-pole, three-phase slotless motor, with single layer short-pitch windings. The motor is shown in Fig. 1 . The rotor angular position is denoted by . The field excitation is a parallely magnetized hollow cylinder mounted on a ferromagnetic shaft.
The motor geometric parameters are: rotor yoke (and shaft) radius , PM radius , stator internal radius , stator yoke internal radius , stator yoke external radius , and the axial length . The PM material is described by the remanency and the relative recoil permeability . Concerning the stator and rotor yokes' iron materials, the values of the saturation flux density and are known. The mass densities of the PM, iron and copper and are also known. The motor specifications are the torque , the speed , and the amplitude of the phase-to-phase back electromotive force (emf) at this speed. The quantity has the order of magnitude as the needed dc voltage. In addition, a desired motor efficiency is .
The shaft radius is considered to be known, as it is determined after a mechanical calculation. The external motor radius is also known, as it is determined by the room previewed for the motor. Finally, the mechanical air gap is assumed equal to a technically achievable minimum.
III. BLDC MOTOR MODEL
After solving Poisson's equation for the PM magnetic field [5] in the polar coordinate system , the final solution for the radial air gap field is given by (1) where (2) The amplitude of the stator yoke field is (3) The amplitude of the rotor yoke field is (4) The torque corresponding to the phase A, carrying current , is determined by Laplace's force acting on its conductors. Therefore, it is given by (5) where (6) is the surface area of one winding side (A or A , as shown in Fig. 1) . Similarly, the emf induced in the phase A is, using rule, given by (7)
Using the flux induced in the phase A, this emf is given by . After the integration over the two phase winding sides, the next formulas are obtained (8) (9) where (10) is the amplitude of the flux induced in the phase, with (11) and . If the three phases are supplied by an appropriate three-phase system of currents with a root-mean-square value , each in phase with the corresponding emf, the total motor torque a constant. Using (8) and superposition, it is given by (12) From (9) it follows that the amplitude of the phase-to-phase back emf is
This model is valid only in the case, if the stator and rotor iron can be considered as ideal (with infinite permeability). To satisfy this condition, experience shows than the iron flux density amplitude should not surpass 90% of its saturation level. This assumption will be verified later. It gives two conditions: and . The conductor used to wind phase A has the length (14) and the cross section area , with given by (6) and the filling factor (considered to be known). It gives
Therefore, the phase resistance is given by (16) where is the copper specific resistance. The equation of the power balance is given by (17) where (18) are the copper losses, and
are the stator iron losses, where (20) are the specific losses [6] in W/kg, and is the stator iron mass. The parameters and are obtained from the manufacturer's catalog, and is calculated. The other motor losses (e.g., friction) are neglected.
The active motor mass (21) is a sum of the iron mass (22) PM mass (23) and copper mass (24) Finally, the relation between the parameters and (25) completes the motor mathematical model.
IV. SYSTEM OF EQUATIONS
Applying a formal approach, the parameters and from the model in Section III are known. It will be shown how to transform the model to generate a cubic equation with two free parameters.
Knowing and is determined from (13), and is determined from (12). From now on, the parameters and will be treated as free parameters, which will produce a parametric analysis with two parameters to vary. These two parameters are chosen only due to the fact that it enables an analytical solution of the system of equations.
Then, in order to maximally use the stator iron material, the field amplitude in the stator should be equal to 90% of its saturation level (26) The condition remains valid, and it should be always satisfied (it can not become an equation, as is determined after a mechanical calculation). Due to this fact, when performing the parametric analysis, this condition will determine the maximal value for the parameter . By assuming approximately that for the PM material (which will be justified later), from (4) it follows (27) 
Finally, and are determined using (25), (11), and (20), respectively.
In order to determine the remaining unknowns and , we proceed as follows. From (10), it follows Its solution is , and finally is determined using (30). From three solutions of (32), we choose the minimal real one. Therefore, the motor design is completed, and all the motor parameters are determined.
V. DESIGN EXAMPLE
The motor specifications are given in Table I , along with the chosen materials' properties. The motor is intended to drive an artificial respirator.
The procedure is as follows: for an efficiency , the methodology from Section IV is applied by varying and in two nested loops, with necessary limits and steps, which produces a set of solutions. The result corresponding to % is presented in Fig. 2 . Finally, the solution corresponding to a minimal mass is accepted. This simulation is very fast (it lasts a couple of seconds).
For another efficiency, another set of solutions is obtained, and the minimum is achieved for new values of and . The corresponding minima are presented in Table II and Fig. 3 .
Finally, the obtained curve in Fig. 3 , represents a set of nondominated points: each of them can be treated as a solution. In the multiobjective optimization theory, such a curve is called trade-off (or Pareto) curve. Which solution to assume is now question of other factors. Due to some economical reasons, the solution for % is chosen as the final one. The corresponding parameters are summarized in Table III .
VI. VERIFICATIONS
The calculus using the equations from Section III with the real PM permeability gives the efficiency %, therefore the only approximation is justified. The analysis using a FEM commercial software gives the value 9.643 mWb of the phase flux amplitude , compared to 9.647 mWb calculated using (10) (which gives the error of %). The solution for the air gap field obtained using (1) matches FEM result as well: Fig. 4 shows the air gap field along the circular line with mm, for . It justifies the approximation that the iron can be treated as ideal, if its flux density amplitude does not surpass 90% of its saturation level. Fig. 5 shows the PM flux lines obtained using the FEM software.
VII. CONCLUSION
The paper presented a simplified method to design a BLDC motor. Introducing only one approximation in the motor analytical model, a system of equations is created and analytically solved.
The following step in the design would be to apply an optimization software package. The same analytical model (with the thermal motor model included) without any approximation should be used, taking the obtained motor parameters as the initial values.
